Recent observations have suggested that there is water ice present on the surfaces of 24 Themis and 1 Ceres. We present upper limits on the H 2 O production rate on these bodies derived using a search for [O I]6300Å emission.
Introduction
Recent observations have provided evidence that several asteroids in the Main Belt contain water ice. The discovery of Main Belt Comets (MBCs, also termed Active Asteroids) has shown that some asteroids in the Main Belt exhibit cometary activity in the form of dust comae and tails. While the apparent activity for some MBCs (e.g. 596 Scheila, 311P/PanSTARRS) has been shown to be caused by collisions or other non-sublimation processes (Bodewits et al., 2011; Jewitt et al., 2013) , the recurrent activity observed for objects such as 133P/Elst-Pizarro, 238P/Read, and 313P/Gibbs, suggests that this activity is driven by sublimation of water ice (Hsieh et al., 2010 (Hsieh et al., , 2011 (Hsieh et al., , 2015 Jewitt et al., 2015) , though direct detection of any gas around MBCs has proven elusive (e.g. Licandro et al., 2011; de Val-Borro et al., 2012; O'Rourke et al., 2013) .
However, water ice has been reportedly detected on the surfaces of 24 Themis and 65 Cybele Rivkin and Emery, 2010) , as well as in Oxo Crater on 1 Ceres (Combe et al., 2016) . H 2 O gas was recently detected around Ceres (Küppers et al., 2014) , as well as a more tentative detection several decades ago (A 'Hearn and Feldman, 1992) . Several MBCs are in the Themis dynamical family, marking a possible link between the surface ice detected on Themis and the activity observed around these MBCs. Despite the evidence for water ice in the Main Belt, the exact properties of this ice remain poorly understood. Models suggest that it must be buried beneath the surface regolith to be stable over the age of the Solar System (e.g. Fanale and Salvail, 1989; Capria et al., 2012) though at the same time observations of surface ice on Themis and Cybele suggest that it does make its way to the surface.
Recent results from the gRaND instrument on Dawn show a higher hydrogen abundance at higher latitudes, suggesting there is more buried ice at higher latitudes (Prettyman et al., 2016) . To date, water vapor has only been detected around Ceres. The detection of water outgassing from additional asteroids with suspected water ice on their surfaces would both confirm the presence of water ice on these bodies as well as provide constraints on the nature and distribution of that ice (surface vs. subsurface, uniform distribution or isolated patches, pure ice vs. dirty ice mixture, etc.).
A sensitive probe for H 2 O in the gas phase at optical wavelengths is the forbidden oxygen line at 6300.3Å. This line results from prompt emission of atomic oxygen after a photodissociation event. This line has been employed in observations of comets as a proxy of the H 2 O production rate (e.g. Fink and Hicks, 1996; Morgenthaler et al., 2001 Morgenthaler et al., , 2007 McKay et al., 2014 McKay et al., , 2015 . We present a search for [O I]6300 emission around 24 Themis and 1 Ceres in an effort to constrain the outgassing of H 2 O from their surface/subsurface. Section 2 describes the observations and our reduction and analysis procedures. Section 3 presents our derived upper limits on the H 2 O production rate, and section 4 discusses the implications of these results for the nature of the ice present on Themis and Ceres. We summarize our findings in Section 5.
2 Observations and Data Analysis

Observations
We obtained spectra with the ARCES echelle spectrometer, mounted on the Astrophysical Research Consortium 3.5-m telescope at Apache Point Observatory (APO) in Sunspot, New Mexico. ARCES provides a spectral resolution of R ≡ λ ∆λ = 31,500 and a spectral range of 3500-10,000Å with no interorder gaps. More specifics for this instrument are discussed elsewhere (Wang et al., 2003) . The observation dates and geometries are described in Table 1 . Both asteroids were observed less than a year before their perihelion. We used an ephemeris generated from JPL Horizons for non-sidereal tracking. For short time-scale tracking, the guiding software uses a boresight technique, which utilizes optocenter flux that falls outside the slit to keep the slit on the optocenter. We observed a G2V star in order to remove the underlying solar continuum and Fraunhofer absorption lines. We obtained spectra of a fast rotating (vsin(i) > 150 km s −1 ), O, B, or A star to account for telluric features and spectra of a flux standard to convert observed counts to absolute flux.
The calibration stars used for each observation date are given in Table 1 . We obtained spectra of a quartz lamp for flat fielding and acquired spectra of a ThAr lamp for wavelength calibration.
Data Reduction and Analysis
Spectra were extracted and calibrated using IRAF scripts that perform bias subtraction, cosmic ray removal, flat fielding, and wavelength calibration. We removed telluric absorption features, the reflected solar continuum from the surface, and flux calibrated the spectra employing our standard star observations. We assumed an exponential extinction law and extinction coefficients for APO when flux calibrating the asteroid spectra (Hogg et al., 2001 Morgenthaler et al. (2001 Morgenthaler et al. ( , 2007 and McKay et al. (2014 McKay et al. ( , 2015 .
Results
We display the spectral region containing the [O I]6300Å line for our Themis and Ceres spectra in Fig Table 2 . These upper limits reflect the line flux for a Gaussian line profile of the instrumental line width with a peak intensity that is 3 times the local noise. For Ceres, there is clearly systematic scatter due to the subtraction of a very strong continuum, so in this case we adopted the standard deviation of the continuum subtracted spectra in the neighborhood of the expected
emission as the local 1-sigma noise. We derive a 3-sigma upper limit on the H 2 O production rate of 4.5 × 10 27 mol s −1 for Themis and 4.6 × 7 10 28 mol s −1 for Ceres. Our upper limit is much more sensitive for Themis than for Ceres because Themis is a much fainter object (V=12 at the time of observation) than Ceres (V=8), meaning the Ceres spectra contain a much higher continuum level that is more effective at concealing any [O I]6300Å emission that may be present (in addition to the systematic scatter discussed above).
Using the sublimation model of Cowan and A'Hearn (1979) , we can convert the upper limit on H 2 O production to an upper limit on the fraction of each asteroid's surface that is actively sublimating. We present the upper limit on the active fraction for different thermal models in Table 3 . The isothermal model assumes that the whole surface is the same temperature while the subsolar model assumes the whole surface has a temperature equal to the subsolar point. The isothermal and subsolar models are not realistic, but do provide upper (isothermal) and lower (subsolar) bounds to the limits we can place on the active fraction. The fast-rotator model assumes that the lines of latitude are isotherms, which is expected if the temperature at each latitude is determined by the average diurnal insolation at that latitude. This is expected to be the case if the rotation rate is fast or the thermal inertia of the surface material is high. The slow-rotator model assumes that the temperature of each surface element is in equilibrium with the instantaneous solar flux incident at that location. This approximation has been used to estimate the active areas of cometary nuclei (e.g. A 'Hearn et al., 1995; Bodewits et al., 2014) . As neither
Themis nor Ceres has a slow rotation period (P < 10 hours), this assumption is appropriate only if the thermal inertia of the surface is very low. The thermal inertia of Ceres has been measured to be less than 15 tiu (Chamberlain et al., 2009) . No constraints on the thermal inertia of Themis are available. However, large asteroids such as Themis tend to have low thermal inertias (Delbo et al., 2015) . Therefore we believe that the slow-rotator approximation is the most realistic approximation for these asteroids.
For the heliocentric distances of Ceres and Themis at the time of observation and adopting bond albedos of 0.02 and 0.03 for Themis and Ceres, respectively, we calculate the sublimation rate of H 2 O per unit surface area for each model, which are given in Table 3 . We calculated the bond albedo by the following:
where A geo is the geometric albedo, taken as 0.07 for Themis (Masiero et al., 2011) and 0.09 for Ceres (Li et al., 2006) , and q is the phase integral. We assume a phase integral of 0.3 for Themis and Ceres, which is typical of C-type asteroids . By dividing our derived upper limit on the H 2 O production by the expected sublimation rate, we derive the maximum active area of the surface. Then we divide this active area by the total surface area of each asteroid to get an upper limit on the fraction of the surface area that is active.
Discussion
Since both Themis and Ceres are much more massive than a typical comet, it is possible that a large fraction of any gas present could be gravitationally bound to the asteroid, meaning the Haser-derived gas production rate is not Our upper limit on the H 2 O production rate (and those of previous works as well) suggests that a very low fraction of Themis's surface is actively sublimating. As water ice was detected at all epochs over several years of observations, both and Rivkin and Emery (2010) suggest that the water ice layer coats the entire surface, which is being replenished from the subsurface. Therefore this uniform coating should be actively sublimating, yielding an active fraction near unity. This is inconsistent with our upper limit, which implies a very small active fraction. This conclusion is independent of the thermal model adopted, as no thermal model provides an active fraction near unity (see Table 3 ).
This discrepancy could be due to several factors. One possibility is that the ice is buried under an insolating layer of regolith, but this is unlikely as infrared observations only probe microns deep into the surface, which is not likely deep enough to keep any water ice present from sublimating. As activity could be intermittent, our observations could have occurred at a time when any water ice is not actively sublimating, but this would suggest a nonuniform distrubution of water ice on the surface, inconsistent with the near uniform distribution implied by IR observations of surface ice. It has also been claimed that the spectral signature observed by and Rivkin and Emery (2010) is not due to water ice but to the mineral goethite, meaning there is no water ice to sublimate (Beck et al., 2011) . However, it has been argued by other authors that this is unlikely as goethite in meteorites is a result of aqueous alteration after fall and this mineral has not been detected in freshly fallen meteorites (Jewitt and Guilbert-Lepoutre, 2012 ). Other products of aqueous alteration, such as magnetite, have been detected on asteroids (e.g. Yang and Jewitt, 2010) , so it is possible that the absorptions observed in the spectrum of Themis are due to similar materials other than goethite. If the H 2 O ice is thermally decoupled from the regolith (i.e. it is clean and does not contain contaminating carbonaceous material), it will have a much lower equilibrium temperature due to the much higher albedo of water ice, meaning the sublimation rate will be much lower than we have assumed. This in turn would result in a much higher upper limit on the active fraction. In Fig. 2 , we plot the derived active fraction of Themis as a function of the Bond albedo of the surface ice for several thermal models.
As we have an upper limit for the H 2 O production rate and not a detection, each curve represents an upper bound to the region of permissable active fractions. Even with an albedo of 0.99, our derived upper limit is still 10 −2 for the slow-rotator model. Therefore we favor an interpretation similar to that given by Jewitt and Guilbert-Lepoutre (2012) , where a small fraction of the surface is covered in ice, but this ice must be fairly clean. More detailed evaluation of these possibilities is beyond the scope of this paper.
The active fractions for both Themis and Ceres are much less than observed for comets, which are typically in the area of 1-10%. This may be due either to an increased thickness for the insulating regolith on asteroid surfaces, or just a depletion of near-surface water ice relative to traditional comets. It is also true that our sublimation models are probably oversimplifications, and the coverage of water ice on cometary nuclei visited by spacecraft is less than that predicted from sublimation models (e.g. Sunshine et al., 2006) . If we assume that the MBCs, such as 133P/Elst-Pizarro, have similar active fractions as inferred for Ceres and Themis, then MBCs would have H 2 O production rates on the order of < 10 24 mol s −1 (assuming the slow-rotator model). These values are consistent with upper limits derived for MBCs so far (Licandro et al., 2011; de Val-Borro et al., 2012; O'Rourke et al., 2013) and would suggest that it will be very difficult to detect water sublimation directly around an MBC without a dedicated flyby/orbiting mission. However, estimates for the H 2 O production rate for MBCs based on the observed dust coma are on the order of 10 25 mol s −1 , which should be detectable by the James Webb Space
Telescope (Kelley et al., 2015) . If water vapor is detected around a Main Belt
Comet at this production rate, then that suggests the active fractions of MBCs are larger than for larger asteroids like Themis or Ceres, but still less than typical comets. Fig. 3 shows the expected detection limit as a function of magnitude for APO (i.e. a 3-meter class telescope) and Keck (i.e. a 10-meter class telescope) for an object with Themis's approximate observing geometry. This calculation is based on our results for Themis and is simplified in that it does not account for telescope specific differences (i.e. throughput of the instrument, etc.), only the difference in collecting area. The decreasing limit with decreasing brightness is due to the decreasing strength of the continuum and its associated noise component. Once the continuum is no longer detected, the detection limit flattens out to a terminal value. At the faint end (i.e. MBCs) a 10-meter telescope can likely reach a detection limit of 10 26 mol s −1 . We also overplot our derived upper limits for Ceres and Themis. Themis trivially falls directly on the relation as this object was used to derive the plot. Ceres is above the curve since the imperfect removal of a strong continuum introduces systematic scatter, whereas the relation was derived assuming purely Poisson statistics.
Therefore for bright objects (similar to Ceres and brighter) our estimates may be overly optimistic.
Conclusions
We present upper limits on the water production from Main Belt asteroids 24
Themis and 1 Ceres. Table 2 Upper Limits for Fluxes and Production Rates
Themis < 6.2 × 10 −16 < 4.5 × 10 27 Ceres < 7.6 × 10 −15 < 4.6 × 10 28 Slow-Rotator 1.86 × 10 20 < 24 < 1.9 × 10 −4 2.62 × 10 20 < 175 < 6.2 × 10 −5 Subsolar 1.12 × 10 21 < 4 < 3.2 × 10 −5 1.46 × 10 21 < 31 < 1.1 × 10 −5
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